Purpose The assessment of cup-disc ratio as a surrogate parameter for the neuroretinal rim width (NRW) of the optic nerve is well established, but prone to human error and imprecision. Objective assessment of the NRW is provided by spectral domain optical coherence tomography (SD-OCT). This study is the first to systematically compare NRW measurements acquired with the Carl Zeiss Meditech Cirrus HD-OCT 5000 and the Heidelberg Engineering Spectralis SD-OCT. Methods In this cross-sectional study, 20 eyes of each 20 glaucoma patients and 20 age-matched healthy controls underwent ophthalmic examination, SD-OCT imaging, and computer perimetry. Regression analyses were performed for the NRW comparability and the effect of the rotational alignment disconcordance (RAD), receiver-operating characteristics (ROC) for NRWbased healthy glaucoma discrimination capability, and Pearson's correlation for covariate association. Results Mean NRW differences were 8 ± 48 μm (p = 0.4528), 91 ± 80 μm (p < 0.01), and 49 ± 77 μm (p < 0.001) in the glaucoma, healthy, and whole group. On average, the Cirrus showed higher NRW values (+ 50 μm) than the Spectralis, this difference increased with values starting with 159 μm. Discrimination ROC were 1.0 (Spectralis) and 0.9675 (Cirrus). RAD showed very little effect on NRW (R 2 = 0.9661, p < 0.001). NRW-covariate correlation was highly significant (p < 0.001) with both devices for clinical cup/disc ratio, calculated rim width, visual field mean, and pattern deviations. Conclusions Our results suggest to only cautiously compare Spectralis and Cirrus NRW measurements only in patients with morphologically manifest glaucoma. For morphological progression analysis, we recommend the continuous usage of the same device.
Introduction
Glaucoma is defined as an optic neuropathy with progressive loss of retinal ganglion cells and associated morphological changes to the optic nerve and retinal nerve fiber layer (RNFL), respectively [1] . Loss of visual function in glaucoma is generally irreversible and, without adequate treatment, the disease can lead to visual impairment or blindness [1] . Morphological damage may precede a loss of function by many years, and precise imaging techniques are fundamental for a detection of progression, especially at earlier stages of damage [2] . Next to assessing the visual field, diagnosis and management of glaucoma are based on the detection of morphometric changes to the optic nerve head (ONH) and peripapillary RNFL for years in the progress of the disease. Using spectral domain optical coherence tomography (SD-OCT), the configuration of the ONH and the thickness of the peripapillary RNFL can be objectively measured [3] . Change over time in RNFL thickness, measured with a circular peripapillary SD-OCT scan pattern, is widely accepted as a marker for progression of glaucomatous optic neuropathy. Still, it is limited by imaging artifacts, which influence the correct segmentation of the RNFL and may to some extent be consequences of decreased OCT reflectivity in glaucoma [4] . Recently, another anatomic SD-OCT biomarker describing the neuroretinal rim anatomy gained clinical importance and in some studies proved to surpass other parameters in the diagnostic power for glaucoma [5] [6] [7] [8] [9] [10] . Two widely used SD-OCT devices, the Spectralis® spectral domain optical coherence tomograph (Heidelberg Engineering GmbH, Heidelberg, Germany) and the Cirrus® high-definition optical coherence tomograph (Carl Zeiss Meditech Inc., Dublin, CA, USA) offer the possibility of quantifying the neuroretinal rim width (NRW). Having introduced those measurements into our clinical practice some years ago, we learned that the reports of the Cirrus OCT (which include exemplary b-scans showing the limits of the NRW measurements) did not correspond in detail with Spectralis OCT assuming the same segmentation and algorithm for measuring the NRW. We recognized that the ILMsided limits of the vector connecting the ILM and the Bruch's membrane opening (BMO) of the Cirrus OCT often were at different locations than those of the Spectralis OCT and apparently not at the ILM intersection the Spectralis OCT algorithm would have provided. Upon investigating, Carl Zeiss Meditec USA provided us with a US patent paper which, among other aspects, explains the algorithm used by the Cirrus OCT for the determination of the NRW [11] . Cirrus NRW is not optimized for the smallest distance, but for the smallest cross-sectional area of the RNFL at the optic disc. Refer to the BMethodsŝ ection of this article for details. Thus, concerning the Cirrus OCT and the Spectralis OCT, we are confronted with two rather different algorithmic approaches to determining the NRW.
To our knowledge, at present time, no study focused on comparing NRW measurements taken with those two devices. Hence, the aim of this study was to assess the comparability of NRW measurements of the Cirrus OCT and the Spectralis OCT. 
Methods

Endpoints
Study setting
This cross-sectional study was performed at the Glaucoma Outpatient Clinic of the Medical University of Vienna's Department of Ophthalmology and Optometry. The study protocol was approved by the Ethics Committee of the Medical University of Vienna and followed the guidelines of Good Clinical Practice and the Declaration of Helsinki. The nature of the study was explained, and written informed consent was obtained for all subjects included.
Study subjects
Inclusion criteria for primary open angle glaucoma (POAG) patients were suspect appearance of the ONH of at least one eye (either large cupping > 0.5, or asymmetry of cupping > 0.2, or localized rim loss, or failure of ISNT rule, or baring of circumlinear vessels) and reproducible pathologic visual fields (VF) in standard automated perimetry (SAP) (either pathologic glaucoma hemifield test, or a cluster of 3 points in pattern deviation plot significant at 0.5% not located at the border of the VF). The VF defect had to be compatible with glaucoma and specifically with the appearance of the optic disc, and the mean defect (MD) had to be between − 6 and − 15 dB. For the group of healthy controls, subjects were included if slit lamp examination, indirect ophthalmoscopy, and computer perimetry results were normal, and IOP was less than 21 mmHg. If both eyes qualified for study, one was chosen at random. Exclusion criteria included astigmatism greater than 2 diopters, myopia or hyperopia higher than 5 diopters, history of retinal pathologies, ocular trauma, acute angle closure or shallow anterior chamber angle, ocular inflammation or infection during the last 3 months, and ocular surgery or argon laser trabeculoplasty during the last 6 months.
Clinical examination
During a single-day examination, each subject underwent the following clinical examinations: Slit lamp examination with ophthalmoscopy, during which the vertical optic disc diameter (ODD) was measured on a Haag-Streit 9000 slit lamp and a VOLK® Superfield® lens and denoted in millimeters (mm) after correction for magnification dividing through 0.76. Also, the vertical CDR was assessed. Using ODD and CDR, the calculated rim width (CRW) was obtained mathematically: CRW = (1-CDR) * ODD/2.
Refractive error and best-corrected visual acuity (BCVA) were assessed using the ARK-1s auto-refractometer (NIDEK CO., LTD, Hiroishi Gamagori, Japan) and IOP with Goldmann tonometry. The AEL was measured in millimeters using the IOL-Master® 500 (Carl Zeiss Meditech Inc., Dublin, CA, USA). Visual field sensitivity was assessed using the Humphrey visual field analyzer (HFA; Carl Zeiss Meditech Inc., Dublin, CA, USA) and the full Swedish interactive threshold algorithm (SITA) 30-2 program.
SD-OCT image acquisition and analysis
Heidelberg Spectralis SD-OCT SD-OCT measurement of the peripapillary RNFL as well as ONH parameters was performed using the Spectralis® -OCT Multicolor (Heidelberg Engineering, Heidelberg, Germany, software version 1.9.9.0). For technical details see Chauhan et al. 2013 . In the Spectralis OCT, NRW is defined as the shortest distance between the BMO and the ILM. On each of the 48 radial scans centered on the optic nerve head, at rotational angular steps of 7.5°inter-scan angle (ISA), the BMO is two-dimensionally localized near the end of the highly reflective pigment epithelium. Simultaneously, the ILM is segmented and the shortest connection vector (SCV) between the BMO and the ILM along the scan is determined. The length of this SCV is returned as BMO-MRW. For each examination, fovea position and the automatic segmentation of Bruch's membrane and ILM were manually reviewed and confirmed at each radial scan for correctness following the procedure given by the device software.
Zeiss cirrus HD-OCT
Cirrus OCT (Carl Zeiss Meditec, Dublin, CA, USA, software version 5.0.0.326) ONH measurements are based on volume scans consisting of 200*200 A-scans manually centered on the ONH center. Radial scans at 2°ISA are interpolated. The rim area determination is based on a complex threedimensional calculation taking the BMO as central margin, two adjacent scan axes as lateral edges, and the intersection of those radial scan axes with the ILM as the peripheral delimitations of trapezoidal polygons. The polygons are then optimized for minimum size. On each radial scan, a series of vectors starting at the BMO and ending at the intersection with the ILM is determined in their length. The angles of the vectors with the ONH plane resulting in the smallest area of the contained trapezoid (minimum rim area) are selected. The displayed NRW at each radial scan is the length of the resulting lateral vectors containing each trapezoid. Refer to US patent US 20140081130 A1 for a detailed explanation of the algorithm and descriptive illustrations of the trapezoids' location [11] . After each examination, image quality and the automatic segmentation of Bruch's membrane and ILM were manually reviewed and confirmed at each reconstructed radial scan at angular intervals of 5°.
Analysis
Data preparation
Other than the Cirrus OCT, where the initially computed radial scan extends parallel to the horizontal acquired image frame (AIF) in temporal direction, the Heidelberg Spectralis acquires radial scans starting at the vector connecting the BMO center and the fovea (FoBMOc). Data were exported numerically using both manufacturers' export plugins. To achieve horizontal AIF rotational reference (=AIF corrected Spectralis), the native Spectralis NRW dataset was counter-rotated by the offset between the AIF and the FoBMOc. The Zeiss Cirrus was interpolated from originally 2°ISA to 7.5°ISA. This provided three datasets: Spectralis (native) NRW, Spectralis AIF NRW, and Cirrus NRW. Quadrants of the same arc length were calculated from values of the angle ranges
, and [225°-315°) for the temporal, superior, nasal, and inferior quadrants, respectively. All data manipulation tasks were performed using MathWorks® MatLab™ R2016a and R version 3.4.3 (Kite-Eating Tree), released on 2017-11-30 [12] .
Statistical analysis
Although multiple tests were performed, no multiplicity correction was applied, because all analyses are considered exploratory. Results were considered significant at a level of p < 0.05.
Comparability of Spectralis and Cirrus NRW measurements
The average of the subject mean NRW values in the different quadrants was compared between instruments, and the statistical significance of the differences was tested using a paired t test. Comparisons were also visualized in Bland-Altmann plots. Additionally, box plots of the mean NRW in the four quadrants of healthy subjects and glaucoma patients were generated (see Fig. 1 , lower line). For further illustration, the difference of the mean NRWs for healthy subjects and glaucoma patients was plotted along with their respective 95% confidence intervals (CI, see Fig. 3b ). A regression model for both the mean NRW across all angles and also NRW at individual angles was calculated in order to estimate the measurements from one instrument based on results from the other.
Discrimination capability between glaucoma patients and healthy subjects Receiver operating characteristic (ROC) curves for the discrimination ability between the mean NRW values of glaucoma and healthy patients were plotted, and areas under the ROC curve (AUROC) were calculated.
Effect of the rotational alignment disconcordance A linear regression model for the effect of the rotational alignment difference of the native Spectralis and the AIF Spectralis dataset was generated.
Association of covariates To measure the association of the covariates BCVA, axial eye length, IOP, RNFL thickness, CDR, ODD, CRW, MD, PSD, and RNFL thickness with the mean NRW, the Pearson correlations together with the 95% CIs and p values were calculated.
Results Table 1 shows a summary of the baseline characteristics. We included 20 eyes of patients with glaucoma (mean age 71.18 Table 2 shows the NRW measurements of the Spectralis OCT, the AIF-corrected Spectralis, and the Cirrus OCT.
NRW scattered markedly within each quadrant and extreme values were quite far from the mean. The empirical distributions of NRW in both subgroups were found to be approximately normally distributed for the Spectralis outcomes, but skewed or heavily tailed (containing outliers) for the Cirrus outcomes. This can also be observed on Fig. 1 , the Cirrus measurements show more extreme values compared to the Spectralis measurements. Therefore, descriptive analyses were described not only by mean and standard deviation, but also by first quartile, median, and third quartile. Refer to Table 3 for a list of the differences between the measurements in all quadrants along with the Pearson correlation results and their significances.
For the whole cohort, mean NRWs measured with the Spectralis OCT were lower than those acquired with the Cirrus OCT (average global difference: − 49 μm), and all differences were statistically significant. In the glaucoma patient group, the mean global NRW difference between devices was − 8 μm and not statistically significant (p = 0.4528). In the healthy subject group, this difference was − 91 μm and statistically significant (p < 0.01). Bland-Altman plots showed a dependence of the difference on mean NRW values (see Fig. 2 ). Spectralis NRW values were lower than Cirrus values above an average NRW value of 159 μm. The nasal quadrant displayed the largest difference between the devices with Spectralis NRW being 158 μm smaller than Cirrus NRW in healthy subjects. Figure 3a shows the mean NRW and Fig. 3b shows the mean NRW differences with values averaged over the 40 subjects for each measured angle.
Regression model equation for calculating global Spectralis NRW values based on Cirrus measurements and vice versa
In Fig. 4 , the global NRW of each subject measured with the Cirrus OCT is plotted against his global NRW with the Spectralis OCT. The linear regression of global Spectralis NRW values based on Cirrus measurements was y = − 86 + 1.54x qualifying the increase in Cirrus global NRW (y) with increasing Spectralis NRW (x) with both intercept and slope being statistically significant (p < 0.001). An increase in one unit of Spectralis mean NRW leads to an increase of 1.54 in Cirrus mean NRW. The linear regression of global Cirrus values based on Spectralis measurements was y = 75 + 0.58x qualifying the increase in Spectralis mean NRW (y) with Mean ± standard deviation, median, inter-quartile range (IQR; first quartile, third quartile), range (minimum, maximum) for the native Spectralis measurements, the Spectralis AIF (rotational reference reset to horizontal acquired image frame) dataset, and the Cirrus measurements increasing Cirrus NRW (x). Again, both intercept and slope were statistically significant (p < 0.001). The residual standard errors of our regression models were 53.88 μm for Cirrus NRW calculated based on Spectralis NRW and 31.11 μm for Spectralis NRW calculated based on Cirrus NRW. The prediction intervals for the mean NRW across patients were 299 ± 110 μm for the Cirrus NRW and 249 ± 68 μm for the Spectralis NRW.
Discrimination capability between glaucoma patients and healthy subjects Figure 4 shows continuous plots and boxplots of the NRW of glaucoma patients and healthy subjects acquired with the Spectralis OCT and the Cirrus OCT. Cirrus global NRW differences between healthy subjects and glaucoma patients were on average across all angles 82 μm higher than Spectralis Figure 3b shows the NRW differences between healthy subjects and glaucoma patients for both devices together with their 95% CI across all different angles. AUROC was 1.0 for the Spectralis and 0.9675 for the Cirrus OCT (see Fig. 5 ). Online Resource 1 shows the ROC curves and AUROC in the individual quadrants.
Effect of the rotational alignment disconcordance on NRW and the results of this analyses
The rotational alignment disconcordance (anatomic in the Spectralis, image frame in Cirrus) measurements influences NRW and NRW differences only marginally (Table 2 and  Table 3 ). The linear regression term between Spectralis and Spectralis AIF across all 48 angles was y = 0.98x + 4.91 with R 2 = 0.9661 and p < 0.001. Table 4 shows the correlation coefficients of the NRW with the acquired covariates. Those for CDR, CRW, MD, and PSD were highly statistically significant for both devices, the RNFL thickness was only significant for the Cirrus OCT.
Association of covariates
Discussion
We systematically compared the MRW measurement results of two widely used SD-OCT devices (Carl Zeiss Meditec™ Cirrus HD-OCT® and Heidelberg Engineering™ Spectralis SD-OCT®) for a group of 20 glaucoma patients and a control group of 20 healthy subjects. For healthy subjects, Cirrus mean NRW were markedly higher than Spectralis mean NRW, on average by 91 μm. The difference between devices increased with higher mean NRW values and was especially pronounced for the nasal quadrant (158 μm). On the contrary, for glaucoma patients, NRW was comparable between Cirrus and Spectralis OCT. The causes of the marked differences in healthy subjects may lie in segmentation algorithms, the NRW calculation algorithm itself, and properties concerning scan acquisition and registration. When comparing healthy subjects and glaucoma patients, our measurements correspond well to results in literature, such as Reis et al. who reported Spectralis OCT-performed NRW measurements of 329 μm for healthy subjects and 176 μm for glaucoma patients [13] .
In the current study, Pearson correlations between Spectralis and Cirrus NRW measurements in individual quadrants and for the whole circumference were very strong (all quadrants r > 0.8, global NRW r = 0.949) and of high statistical significance (all p < 0.001), for either the native Spectralis dataset or the Spectralis AIF dataset. This seems natural for two devices measuring the same quantity. In their comparison of RNFL thickness measurements with Spectralis OCT and Cirrus OCT, Faghihi et al. reported higher RNFL thickness values with the Spectralis OCT compared with the Cirrus OCT (mean difference was 4.67 ± 6.55 μm, p < 0.001) and a strong inter-measurement correlation of r = 0.912 with p < 0.001 [14] . Comparable results were also reported by other ircumference. Values are averaged for each measured angle, depicted separately for the Spectralis (black graph) and the Cirrus OCT (red graph), and plotted along with their 95% confidence intervals. b The difference in neuroretinal rim width between healthy subjects and the glaucoma patient group, illustrated for the outcomes of Spectralis (black) and Cirrus (red) OCT devices, and plotted for each angle groups [15, 16] . However, to the best of our knowledge, for the NRW this has not yet reported before.
A transformation model between NRW of both devices was rendered, showing that Cirrus shows higher values than Spectralis for mean measurements being higher than 159 μm (see Fig. 2 ). Although the correlation of this model was very strong, the applicability is limited because it is based on values of the whole circumference and one may be rather interested Spectralis global neuroretinal rim width Cirrus global neuroretinal rim width Fig. 4 Scatter plot of the average neuroretinal rim width measurements using Spectralis and Cirrus optical coherence tomography. The black line gives the result of a linear regression and the red line depicts the values for which the Spectralis measurements are equal the Cirrus measurements Fig. 5 Receiver operating characteristics (ROC) curve of Spectralis and Cirrus NRW measurements for the distinction of healthy subjects and glaucoma patients. AUC area under the curve in values at a specific angle, which may be quite different from the mean across all angles. Furthermore, our models allowed for prediction of NRW across instruments with 53.88 μm (Cirrus NRW calculated based on Spectralis NRW) and 31.11 μm (Spectralis NRW calculated based on Cirrus NRW) residual standard error and prediction intervals of 299 ± 110 μm for the Cirrus NRW and 249 ± 68 μm for the Spectralis NRW which will be unacceptable in clinical routine. Furthermore, the given prediction interval is for the mean NRW across patients, and would be even larger for NRW at specific angles.
ROC analysis of NRW revealed both devices and their calculation methods to be excellent classifiers. Given the larger differences between healthy and glaucomatous subjects for the Cirrus as compared with the Spectralis OCT, we might have expected a better discriminatory power for the former. However, this larger difference was counteracted by larger variation for the Cirrus OCT and consequently our ROC analysis did not prove any difference in diagnostic discrimination.
Anyhow, the value of this cross-sectional discrimination capacity continues to be rather academic, as glaucoma diagnosis is multimodal and still largely based on progression detection, and the translational potential of results of casecontrolled studies is limited [17] . Furthermore it should be noted that we had included on average moderately advanced glaucoma patients, which improves the diagnostic separation.
The rotational reference difference between devices had only a minor impact on localized NRW values. Our analysis showed that not much effect could be expected solely based on this difference. Only 3.4% of all tested individual NRW values differed by more than 20% between the native value and the computed AIF value. This is less than previously reported by He et al., who found that 10.8% of 222 eyes demonstrated a 20% difference in MRW in their study, which was based on manual delineation [18] .
We tested the association of different covariates with the NRW m ea su re me nts . Th e C DR as e stim ate d in biomicroscopical examination is a simplified, dimensionally reduced estimation of NRW. Although estimated manually and being prone to subjectivity and human error, it is a morphometric parameter known to increase with the progression of retinal ganglion cell loss in glaucoma. This parameter showed a very strong correlation with NRW acquired with both devices, and performed very similar to the CRW, which takes the ODD into account. This confirms the ODD independency of OCT-based NRW measurements Enders et al. reported recently [5] . Both tested visual field defects, namely the MD and the PSD were also highly correlated with NRW. This is consistent with reports found in literature, such as the study published by Muth et al., where Spectralis OCT global NRW strongly correlated with visual field indices (r = 0.68873 with MD, and r = 0.68873 with PSD, both highly significant) [19] .
There are several limitations to our study. A primary issue is the small sample size, but that is in line with other recent approaches. Nevertheless, elaborated differences and correlations mostly show high statistical significance; thus, a generalization is possible. The high ROC values are expected for comparison of moderate to severe glaucoma with healthy subjects and do not indicate an outstanding diagnostic performance. Surprisingly, we found the numerically largest difference in NRW between healthy subjects and glaucoma patients in the nasal quadrant; this was found only in Cirrus OCT. It should be noted however that this quadrant also results in the largest variation in Cirrus OCT and the distribution of values was markedly skewed. The nature of this finding remains unclear, but might be caused by the larger blood vessels together with the specific procedure of segmentation by Cirrus software. This is an exploratory study and our results are preliminary. A solid transformation model needs to be based on the measurements of much bigger patient and control cohorts. As well as other established functional and morphometric features considered over the course of an often life-long management of glaucoma patients, the NRW will highly likely exhibit its true diagnostic potential when assessed longitudinally. NRW may be used not only in ophthalmological situations, but also others, such as cases with increased intracranial pressure; thus, detailed knowledge about the way this parameter is measured and how measurements differ between devices is quite valuable [20] .We analyze the results of this rather novel objective morphological parameter, as measured by two different devices, which apply considerably differing approaches for its determination. Differences between both devices were much lower and statistically not significant for glaucoma patients, but markedly higher and statistically significant for healthy patients and the whole cohort. It may thus be recommended to compare Spectralis and Cirrus NRW measurements very cautiously and if so then only in patients with morphologically manifest glaucoma. For detailed morphological progression analysis, our results suggest the continuous usage of the same device.
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